ABSTRACT This paper proposes an adaptive radial basis function (RBF) neural network (NN) fuzzy control scheme to enhance the performance of shunt active power filter (APF).The RBF NN is utilized on the approximation of nonlinear function in the APF dynamic model and the weights of the RBF NN are adjusted online according to adaptive law from the Lyapunov stability analysis to ensure the state hitting the sliding surface and sliding along it. In order to compensate the network approximation error and eliminate the existing chattering, the sliding mode control term is adjusted by adaptive fuzzy systems, which can enhance the robust performance of the system. The simulation results of APF using the proposed method confirm the effectiveness of the proposed controller, demonstrating the outstanding compensation performance and strong robustness.
I. INTRODUCTION
In recent years, power electronic technology is widely used in electrical power systems. However, the distortion of power quality has become a serious problem with the increasing number of nonlinear loads of power electronic devices in electrical power systems. Traditional passive power filter is gradually replaced by shunt active power filters (SAPF) because of its bad dynamic performance in eliminating both current distortion and reactive power. APF can efficiently eliminate harmonic contamination and improve the power factor compared with traditional passive filter. The selection of intelligent control techniques plays an important role in the performance of the APF. In addition to traditional current control methods including hysteresis control, experts have put forward many new control strategies to improve APF dynamic performance, such as sliding mode control, neural network control, fuzzy control, and adaptive control. Panda and Patel [1] introduced a novel adaptive hysteresis and fuzzy logic algorithm for three-phase four-wire full bridge interleaved buck active power filter. Suresh and Singh [2] described an application of single input fuzzy controller for a three-phase shunt active power filter. NN is utilized on the approximation of nonlinear function in APF dynamic model in order to improve the robustness of the control system. Neural network is a good way of system identification or used as a controller or in combination with other algorithms to constitute a new intelligent control system. Zhao et al. [3] developed an adaptive tracking controller for switched stochastic nonlinear systems in nonstrict-feedback form with unknown nonsymmetric actuator dead-zone and arbitrary switchings by combining RBFNN universal approximation ability and adaptive backstepping technique with common stochastic Lyapunov function method. Liu and Fan [4] proposed an adaptive RBFNN which combined with fuzzy sliding mode control to eliminate the reaching phase. Zeng and Wang [5] designed an adaptive neural network controller with the employed radial basis function to guarantee the stability of the underactuated rigid spacecraft system and the tracking performance. Yang et al. [6] designed an adaptive NN scheme for motion control of subsystem. Fang et al. [7] designed a model reference adaptive sliding mode control using RBF neural network for active power filter. It is easy to discover in [8] - [11] that NN were suitable to control uncertain nonlinear dynamical systems.
Fuzzy control has made practical success in industrial processes and other fields. Yoshimura [12] designed an adaptive fuzzy sliding mode controller for uncertain discrete -time nonlinear dynamic systems based on noisy measurements. Nekoukar and Erfanian [13] proposed a fuzzy logic system combination with sliding made control to estimate the dynamics of the controlled plant. Chen et al. [14] focused on the fuzzy adaptive control for a class of multi-input and multi-output (MIMO) nonlinear systems in nonstrictfeedback form. Tong et al. [15] investigated the problem of adaptive fuzzy output-feedback control for a class of uncertain switched nonlinear systems in strict-feedback form. Veysi et al. [16] designed an optimal fuzzy sliding mode controller for controlling the end-effector position in the task space. Lu and Xia [17] designed a simple adaptive fuzzy controller for single-phase active filter, but does not ensure the stability of the adaptive parameters. Hou and Fei [18] designed an adaptive fuzzy backstepping controller for threephase active power filter to ensure proper tracking of the reference current, and impose a desired dynamic behavior, giving robustness and insensitivity to parameter variations.
In this paper, an adaptive radial basis function neural network based on fuzzy sliding mode control scheme for APF is proposed. RBF NN is utilized on the approximation of nonlinear function in APF dynamic model in order to improve the robustness of the control system. In order to eliminate the existing chattering, the sliding mode control gain is adjusted by adaptive fuzzy systems. The proposed control strategy has the following advantages:
(1) The RBF NN based on the sliding mode control is utilized on the approximation of nonlinear function in APF dynamic model in order to improve the robustness of the control system. In order to compensate the network approximation error and eliminate the existing chattering, the sliding mode control gain is adjusted by adaptive fuzzy systems, which can enhance the robust performance of the system.
(2) The key property of this method is that the weights of the RBF NN and adaptive fuzzy parameters are adjusted online according to adaptive law from the Lyapunov stability analysis, to ensure the state hitting the sliding surface and sliding along it and guarantee the asymptotic stability of the system. This paper is organized as follows. In section II, the dynamics of APF is established. In section III, sliding mode control is proposed. In section IV, RBF NN control is proposed. In addition, an adaptive radial basis function neural network based on fuzzy sliding mode control scheme is given in section V. Simulation results are shown in section VI and demonstrate the perfect performance of the proposed method. Finally, conclusions are provided in section VII.
II. DYNAMIC MODEL OF ACTIVE POWER FILTER
The control system structure of three-phase shunt APF is shown in Fig. 1 . According to Fig. 1 , we can establish dynamic model of three-phase shunt active power filter. According to circuit theory and Kirchhoff's voltage law, we can get Where, L c and R c are the inductance and resistance of the APF respectively, v MN is the voltage between point M and N.
Assuming that the AC supply voltages are balanced, we have:
Define the switching function c k , which denotes the ON/OFF status of the devices in the two legs of the IGBT Bridge.
, if S k is On and S k+3 is Off 0, if S k is Off and S k+3 is On
Where, k = 1, 2, 3.
We can define d k as:
which shows that d k depends on the switching function c k , which is nonlinear term of system. From (5) and the eight permissible switching states of the IGBT, we can obtain that
Then (4) becomes
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Where
Putting (8) into (7), we have:
In the following section, we will discuss three control strategies, which are sliding mode controller, adaptive RBFNN controller and adaptive fuzzy gain controller. The RBFNN is utilized on the approximation of nonlinear function in APF dynamic model, the weights of the RBF NN are adjusted online according to adaptive law. In order to compensate the network approximation error and eliminate the existing chattering, the sliding mode gain is adjusted by adaptive fuzzy systems.
III. SLIDING MODE CONTROLLER
In this section, sliding mode control is developed and stability condition is discussed.
If we set reference current as x d , the tracking error vector as
And differentiating e with respect to time, we have:
The sliding surface is:
Where, λ is a positive constant. We consider the first Lyapunov function as
And differentiating V 1 with respect to time, we have:
Then, define the nonlinear functions as
Putting (17) into (16) theṅ
ForV 1 ≤ 0, the controller can be designed as
Where, K and K a are positive constants Subsituting (19) into (18) yieldṡ
By designing control law, the system meets the conditions of Lyapunov stability theory, thus ensuring the asymptotic stability of the closed-loop system.
IV. ADAPTIVE RBFNN CONTROLLER
RBF NN has the universal approximation property that states that any suffciently smooth function can be approximated by a suitable large network for all inputs in a compact set and the resulting function reconstruction error is bounded. RBF NN has a faster convergence property and a simpler architecture than BP (back propagation) NN. The RBF NN structure employed in our work is shown as Fig. 2 . In RBF NN structure, x(t) is the input variable, a RBF neural network is used to approach the nonlinear functions f of the APF system, which is defined aŝ
Where,ω T is the real-time weights;f is the output of RBFNN. ϕ(x) = [ϕ 1 (x), ϕ 2 (x), · · · , ϕ n (x)] T are Gaussian functions
Where, c i is the center of number i neurons, b i is width of number i neurons.
The approximated system model can be described as
Where, ε is the approximation error, ε < ε N , where ε N is a small positive constant, ω * is the optimal weight vector of the neural network . Under this circumstance, we can utilize the fuzzy system to acquiref to approximate nonlinear function in APF dynamic model, then we get the controller of RBF NN as
Define a Lyapunov function:
Where,ω is the estimation error of weight vector,ω = ω * −ω. The derivative of V 2 is:
Substituting (24) into (26) yields:
Choose an adaptive mechanism:
Putting (28) into (27) leads to:
If K ≥ ε N ,V 2 ≤ 0. According to Barbalart lemma, we can prove that s will converge to zero as time goes to infinity. Then it can be concluded that with control law (24) and adaptive law (28), the asymptotic stability of the closed-loop system can be guaranteed . 
V. ADAPTIVE FUZZY CONTROLLER
From (24), the chattering on the sliding surface is cased by the constant value of ε N and the discontinuous function sgn(s).
In this section, we use a fuzzy controller to adjust the sliding mode control. The adaptive RBF NN fuzzy sliding mode control scheme is shown in Fig. 3 . The adaptive RBF NN based on fuzzy sliding mode control scheme is shown in Fig. 3 .
We use an adaptive fuzzy controllerĥ(s) to approximate K s s . Then the ideal output of the fuzzy system is:
T are fuzzy vectors, σ is approximation error of the fuzzy system and σ ≤ σ N , σ N is a small positive constant. The actual output of the fuzzy system iŝ
whereĥ(s) is the estimated value of h(s),θ is the actual adjustable parameters which is updated online.
The new control law is designed as:
Defining a Lyapunov function:
Where, γ is a positive constant,θ i is the estimated error of adjustable parameter expressed asθ i = θ i −θ i Apparently, we should keep θ i a constant when the system converges, so we haveθ i = 0 andθ = −θ . Then, we have: 
FIGURE 4.
Instruction current and compensation current using the proposed approach.
Substituting the controller u in (33) into (35) giveṡ
To makeV 3 ≤ 0, the adaptive laws are designed aṡ
Subsituting (37), (38) into (36) and making use of
s s , we obtaiṅ
According to Barbalart lemma, s(t) will asymptotically converge to zero, lim t→∞ s(t) = 0. It can be concluded that e will asymptotically converge to zero, lim t→∞ e(t) = 0. Thus, the overall system is asymptotically stable.
VI. SIMULATION STUDY
In order to verify the feasibility and advantage of the proposed control scheme, we verify it using Matlab/Simulink package with SimPower Toolbox.APF system parameters are shown in Table 1 . It is difficult to calculate the parameters of the proposed controller, so the parameters are carefully selected to achieve the goal that compensation current can track instruction current. Fuzzy membership function:
When t = 0.04s, the switch of compensation circuit is closed and APF begins to work. To verify the effectiveness and robustness of the proposed APF control strategy, nonlinear loads impact increases totally two times during the entire simulation process. Firstly, nonlinear load is at the time of 0.1s; secondly, nonlinear load is at the time of 0.2s. Besides, multiple comparisons are implemented in the simulation process between APF using RBF NN based on fuzzy sliding mode controller and APF using hysteresis control. Fig. 4 is instruction current and compensation current using using the proposed approach. Fig. 5 shows the grid current waveform without APF. It can be seen that exists severe distortion of the grid current waveform due to the effects of nonlinear load. Fig. 6 is the grid current waveform with an adaptive RBF NN based on fuzzy sliding mode control scheme for current control of APF. From Fig. 6 , grid current distortion has been significantly improved with the proposed scheme. Fig. 7 is the waveform of DC side voltage. Fig. 5 shows the grid current waveform without APF. It can be seen that there exists severe distortion of the grid current FIGURE 9. The harmonic spectrum of source current after harmonics compensation using the proposed approach.
waveform due to the effects of nonlinear load. Fig. 6 is the grid current waveform with an adaptive RBF NN based on fuzzy sliding mode control scheme for current control of APF. From Fig. 6 , grid current distortion has been significantly improved with the proposed scheme. Fig. 7 is the waveform of DC side voltage. Fig. 8 shows the harmonic spectrum of load current in different times. From Fig. 8 , we can know that nonlinear load leads many harmonics in grid current. In Fig. 9 , (a) (b) (c) (d) is the grid current spectrogram without APF in t=0s, t=0.06s, t=0.16s, t=0.26s respectively. Fig. 9 plots the Harmonic spectrum of source current after harmonics compensation using the proposed controller in different times. the increasing of nonlinear load impact, an adaptive RBF NN based on fuzzy sliding mode control for APF illustrates better tracking performance, suitability and robustness at different simulation stages than the one based on hysteresis control and the one without controller.
VII. CONCLUSION
In this paper, an adaptive RBF NN fuzzy controller is applied in three-phase shunt APF successfully. RBF NN is used to approximate the nonlinear function in APF dynamic model and the sliding mode control gain is adjusted by adaptive fuzzy systems to compensate the network approximation error and eliminate the existing chattering. The parameters of these approaches can be adaptively updated based on the Lyapunov analysis. The simulation results confirm the effectiveness of the proposed controller and illustrate that the APF system based on the proposed method has the outstanding compensation performance and strong robustness.
